The grassland ecosystem in the Northern-Tibet Plateau (NTP) of China is very sensitive to weather and climate conditions of the region. In this study, we investigate the spatial and temporal variations of the grassland ecosystem in the NTP using the NOAA/AVHRR ten-day maximum NDVI composite data of 1981-2001. The relationships among Vegetation Peak-Normalized Difference Vegetation Index (VP-NDVI) and climate variables were quantified for six counties within the NTP. The notable and uneven alterations of the grassland in response to variation of climate and human impact in the NTP were revealed. Over the last two decades of the 20th century, the maximum greenness of the grassland has exhibited high increase, slight increase, no-change, slight decrease and high decrease, each occupies 0.27%, 8.71%, 77.27%, 13.06% and 0.69% of the total area of the NTP, respectively. A remarkable increase (decrease) in VP-NDVI occurred in the central-eastern (eastern) NTP whereas little change was observed in the western and northwestern NTP. A strong negative relationship between VP-NDVI and ET 0 was found in sub-frigid, semi-arid and frigid-arid regions of the NTP (i.e., Nakchu, Shantsa, Palgon and Amdo counties), suggesting that the ET 0 is one limiting factor affecting grassland degradation. In the temperate-humid, sub-frigid and sub-humid regions of the NTP (Chali and Sokshan counties), a significant inverse correlation between VP-NDVI and population indicates that human activities have adversely affected the grassland condition as was previously reported in the literature. Results from this research suggest that the alteration 
Introduction
The Northern-Tibet Plateau (NTP) covers a vast territory of the western China with an average altitude of 4,500 m. Also known as the roof of the world and the third pole of the earth, it is the source of the ancient and modern glaciers as well as the source of many large rivers in China such as the Yangtze, the Yellow, the Nujiang and the Lancang Rivers [1] [2] [3] . The NTP plays an important role as the thermal forcing to the atmospheric circulation in Asia. The thermal state of the NTP links closely to the regional weather and climate condition, such as temperature, precipitation regime, and the status of the monsoon [1, 4] .
Grassland of the NTP is the third largest grassland ecosystem in China, covering 90% of the total land surface of NTP [2, 5] . The NTP is ecologically fragile and is more sensitive to the global climate change as compared to the other part of the world [1, 6] . For instance, the annual mean temperature of the NTP has risen at a rate of 0.4 o C/decade over the most recent 40 years, which is much higher than that of other parts of China and the rest of the world [7] . In addition, the surface area of many lakes in the NTP has decreased over time. For example, the area of surface water of the Namu Lake (the biggest lake of the NTP) has decreased by 38.58 km 2 from year 1970 to 1988, with a decreasing rate of 2.14 km 2 /year [8] .
Land use activity represents the most substantial human alteration of the earth for a long period [9] . The pace, magnitude and spatial extent of the human alterations over the last 300 years are unprecedented. In recent years, with the development of economy and increasing population, the grassland ecosystem has rapidly degraded and grassland area has decreased [2, 10] . It is generally believed that the occurrence and expansion of grassland degradation due to acidification and desertification over the NTP are closely related to changes in climate, ecological condition and human activity, such as overgrazing, excessively timber cutting and digging [2, 3, 11] . In addition, the NTP has been one of the major sources of the sand storms that have occurred in China [12] .
Since 1970s, earth observing satellites have become a unique tool with which one can objectively monitor status and changes of the terrestrial ecosystems at the regional and global scales, and for ecological, geographical, meteorological and environmental studies [13] [14] [15] [16] [17] [18] . One important sensor onboard the National Oceanic and Atmospheric Administration (NOAA)'s series of satellites is the Advanced Very High Resolution Radiometer (AVHRR), which records spectral data that are useful for monitoring the terrestrial environment [19] [20] [21] [22] [23] [24] , land use and land cover changes [25] [26] [27] [28] [29] [30] [31] [32] [33] , and the interaction between the terrestrial ecosystem and climate [34] [35] [36] [37] [38] [39] [40] .
Pervious studies reported that climate change has affected the inter-annual variations of vegetation conditions and grassland dynamics [41] [42] [43] [44] . In recent years, under the dual influences of natural and human factors, a large expanse of grassland in the NTP region has seriously degraded [2, 10] . The drier and warmer climate in the NTP and its surrounding areas has also aggravated desertification and soil erosion. The grassland productivity has also declined greatly and become a huge obstacle to the sustainable social, economic and ecological development. Despite the ecological significance of the region, until now, little research has been carried out to study the long-term grassland dynamics and the driving forces. In this study, we investigate the spatial and temporal variations and possible causes of the grassland ecosystem in the NTP using a 19-year time series of the Normalized Difference Vegetation Index (NDVI) data and corresponding climate and demographic data.
The study area
The NTP region lies within 29°55' -36°30' N, and 83°55' -95°05' E (see Fig. 1 ). It covers approximately 395,400 km 2 and is composed of eleven counties. The total area of the NTP accounts for 32.82% of the total land area, and 41.65% of the total grassland of the Tibetan Autonomous Region of China. In the NTP region, the annual mean temperature ranges between -2.9 o and 3.4 o C, and the annual precipitation between 298.6 and 708.4 mm. Affected by the atmospheric circulation and local terrain, about 80% of the total precipitation occurs in between June and September, and the amount of precipitation declines from the east to west and from the south to north. Snow usually occurs from the October to April. The annual evaporation ranges from 1,500 -2,300 mm, increasing from the southeast to northwest [2, 10, 44] . The duration of sunshine in a typical year averages more than 2,852 hours [8] .
Geographically, four climatic zones can be delineated in the NTP region: temperate-humid, subfrigid sub-humid, sub-frigid semi-arid, and frigid arid zones [45] . Corresponding to these climatic zones, four major native pasturelands are identified from the southeast to northwest: bush-meadow, NTP CHINA alpine meadow, alpine grassland, and desert grassland. The dominant forage plants of the usable pastures belong to Cyperaceae and Gramineae, with Compositae, Leguminosae, and Rosaceae occurring as the subdominants. The composition of pastures in the east and central part of the region is complex due to variations in climate and local terrain; the grassland becomes less complex botanically towards the northwest where the altitude is higher and the climate is harsher. The growing season typically extends from May through September, with a growing period of less than 150 days. The population in the NTP region is approximately 376,800 (2003 census). Farmers in this region are primarily engaged in animal husbandry except for a few who produce grain crops in the eastern counties. Tibetan sheep, goats, and yak are the dominant livestock for many enterprises with some horses and cattle.
Data and methodology

Satellite data processing and statistical analysis
The NOAA-AVHRR Pathfinder data set is a ten-day maximum NDVI composite derived from the NOAA-7, -9, -11 and -14 satellite images with radiometrically and geometrically correction and a spatial resolution of 8 km × 8 km [46] [47] . The NDVI composite of 1981 -2001(except for 1994) is used in this study. The maximum NDVI compositing reduces the effects of atmospheric aerosols, water vapor, high scan angles, higher solar zenith angles and residual cloud contamination [48] .
The NDVI is an indicator related to absorbed photosynthetic active radiation by vegetation and it has been widely used to estimate green biomass, leaf area index (LAI) and productivity of vegetation. The formula used to compute NDVI is:
where NIR (AVHRR Channel 2: 0.725 ~1.1 μm) and Red (AVHRR Channel 1: 0.58 ~0.68 μm) are spectral reflectance of the near infrared and red portion of the electromagnetic spectrum, respectively. The construction of the NDVI is based on the fact that the internal mesophyll structure of the healthy green leaves strongly reflects near infrared radiation whereas the leaf chlorophyll and other pigments absorb a large proportion of the radiation in visible (red) spectrum [14] [15] .
The NDVI ranges from -1.0 to 1.0, where negative values correspond to an absence of vegetation [49] . In this study, the third generation product (AVHRR PAL) of NDVI is used, which has been rescaled to a range of 0 to 254. Figure 2 displays the average annual maximum NDVI of the NTP.
For the study site, an average of maximum NDVI for July, August and September over each 3×3 64-km 2 (9 pixel block) was calculated. In addition, an average annual NDVI of the peak growing season (VP-NDVI) was computed for each of every 19-year and study site by taking the average of the maximum NDVI of July, August and September. 
Climate data processing
Climate data of 1981-2001 were collected for six weather stations in the NTP (see Table1) . For each station, the data set includes surface air temperature, maximum temperature (T max ), minimum temperature (T min ), precipitation, wind speed and direction, atmospheric humidity, sunshine duration, and evaporation. The potential evapotranspiration (ET 0 ) is calculated by using Penman-Monteith equation [51] 
where R n is the net radiation, G is the soil heat flux, T is mean daily air temperature at 2 m height, u 2 is wind speed at 2 m height, e s and e a are the saturation vapor pressure and actual vapor pressure respectively, e s -e a represents the saturation vapor pressure deficit, Δ is slope vapor pressure curve, γ is the psychrometric constant.
The correlation coefficient (R) was calculated between the VP-NDVI and each climate variables (i.e., T max , T min , precipitation, evaporation, wind speed, sunshine duration, and ET 0 ) using linear regression. 
Result and discussion
Spatial and temporal patterns of VP-NDVI of the grassland in the NTP
The average VP-NDVI varies spatially and is primarily associated with different vegetation cover in the NTP (see Figure 4) . The largest VP-NDVI (>180) appears in area of relatively low elevation at the eastern NTP, with the major land use and cover being farmland, forest, bush-and alpine-meadow. In the central part of the NTP, the maximum VP-NDVI ranged from 160 to 180; In contrast, the maximum VP-NDVI falls in between 140 and 160 in the western part of the area, with sparsely-covered alpine steppe and desert steppe.
Analyses of the linear trend of VP-NDVI show that area with no or little change in PV-NDVI accounts for 77.27% of the total area of the NTP, whereas area with a high increase and slight increase accounts for 0.27% and 8.71%, respectively. Area with high decrease and slight decrease accounts for 0.69% and 13.06%, respectively (see Table 2 ). Table 2 . Statistic of VP-NDVI long-term trend (1981 -2000) in the NTP. Five levels of change based on the linear trend coefficients of the VP-NDVI time series. Pixel number is the total number of pixels with VP-NDVI change (or no-change) that fall within each level of changes. Proportion is the number of changed (or no-change) pixels divided by the total number of pixels that fall within each level of change. Geographically, the increase and decrease in VP-NDVI occurred mainly in the eastern NTP at low altitude, whereas such trend was rather weak in the western NTP at the high altitude. 
Trend in VP-NDVI
NDVI and Climate driving force
4.2.1 NDVI-climate (temperature, precipitation, evaporation, wind, sunshine duration) Figure 6 showed that mean annual temperature increased as recorded by all six weather stations which located in the NTP between 1981 and 2001. Liu and Chen also found that annual mean temperature increased in the Tibetan Plateau during 1955-1996 periods at a rate of 0.16 °C/decade, and the winter mean temperature also increased by 0.32 °C/decade [52] . These changes exceed those observed at the same latitudinal zone over the same time period. As was shown in Figure 5 , the linear trend of VP-NDVI varied spatially from the southern to central, and to the western NTP between 1981 and 2001. Table 3 listed several statistics, including the slope of the VP-NDVI trend, the annual precipitation trend, and the annual evaporation trend from 1981 to 2001 for each of the six weather stations. The results showed that annual precipitation increased at all six stations of NTP whereas the annual evaporation declined. Generally, the grassland type in six stations of the NTP can be classified into bush meadow, alpine meadow, alpine grassland and desert grassland. A positive correlation between monthly VP-NDVI and monthly precipitation was observed for all six stations (see Table 4 ), which indicated that the precipitation is one of the dominant factor controlling seasonal variation of the grassland in the NTP. . In NTP region, the wind is important effecting factor for the grass growth, with declining of wind in this area, the grassland degradation trend was decreased. Furthermore, changes in wind speed, and to a lesser degree, relative humidity were among the most important factors affecting evaporation on the NTP. Therefore, the evaporation showed decline in six stations of NTP from 1981 to 2001 (see Table 3 ). The correlation coefficients (R) among the VP-NDVI and climate variables (i.e., T max , T min , precipitation during July to September, wind speed, sunshine duration during July to September, and ET 0 ) for six weather stations in the NTP were shown in Table 5 . The negative correlations between VP-NDVI and sunshine duration (from July to September) were also found in Nakchu station (R = -0.71, p<0.01), Shantsa (R = -0.44, p<0.05), Palgon (R = -0.47, p<0.05), Amdo (R = -0.60, p<0.01) and Sokshan (R = -0.24) (see Table 5 ).
VP-NDVI-climate relationship by counties
Nakchu County
In Nakchu County, the slope of VP-NDVI trend (b v = 0.409), and the annual precipitation trend (b p = 4.354) are positive (see Table 3 ), indicating that both NDVI and annual precipitation have increased over the twenty year time period. Besides, the correlation coefficient between T min and VP-NDVI in Nakchu county is 0.51(p<0.05), suggesting that minimum temperature is one of the limiting factors on the growth of over-wintered perennial grass [2, 7] . The negative correlation between VP-NDVI and ET 0 in Nakchu County (R = -0.63, p<0.01) indicated the benefits of decreasing potential ET to the vegetation growth.
Chali County
Chali County is located in the sub-frigid sub-humid zone. The positive correlation between VP-NDVI and T max (R = 0.40) suggested that higher temperature is advantageous for grass growth in this sub-frigid sub-humid area. The weak negative correlation between VP-NDVI and precipitation during grass growth period (from July to September) (R = -0.15) indicated that precipitation is seem not a limited factor effecting grass growth in this sub-humid zone (the annual mean precipitation is 708.4 mm, which is the highest in six weather station in the NTP, also see from Table 1 ). Moreover, the positive correlation between the annual ET 0 and VP-NDVI (R = 0.29) reflects potential influence of the thermal condition on the grass growth in this sub-humid area of the NTP (see Figure 5 ).
Sokshan County
Climatically, Sokshan County is located in the sub-frigid zone, but the annual precipitation is less than that of Chali station. In this region, a positive correlation (R=0.53, p<0.05) between VP-NDVI and precipitation during grass growth period (from July to September) argued that moisture condition is a limiting factor for vegetation growth in Sokshan region.
Shantsa County
Climatically, Shantsa County is located in the frigid arid zone. The annual mean wind velocity of Shantsa County exceeds 4.5 m/s, which is the largest in six counties of the NTP. The correlation coefficient between annual mean wind velocity and VP-NDVI is negative (R = -0.40, p<0.05). It is conceivable that VP-NDVI is affected by wind velocity and transpiration rate. Normally, grassland degradation and desertification include a series of processes, i.e., wind erosion, sand stream, shifting sand-dune and accumulation and sand-dune migration [53] . In the mean time, the correlation coefficients between ET 0 and VP-NDVI is negative for Shantsa (R = -0.51, p<0.05). The cold, dry, windy climatic conditions along with high potential evaporation affect the grass growth in this region. With the increase of the ET 0 , the vegetation stress increases, therefore inhibiting the vegetation growth. The increase of ET 0 in the frigid arid zone of the NTP, owing to an increase in temperature and decrease in humidity, leads to further degradation of the grassland and promotes the occurrence and development of desertification over these areas. Yang et al. (1998) also reported that high evaporative demand in grow season often results in soil moisture depletion, and thereby, adversely affecting grassland growth in the U.S. Great Plains regions [44] .
Palgon and Amdo counties
Palgon and Amdo counties are located in sub-frigid and sub-arid region. A positive relationship between VP-NDVI and precipitation (from July to September) for Palgon County (R = 0.39) indicated that precipitation is responsible for the observed fluctuation in VP-NDVI. Table 3 showed that the little long-term trend of both NDVI and rainfall (b v = 0.058, b p = 0.067) in Palgon County. In Amdo County, the negative correlation between VP-NDVI and T min (R = 0.47, p<0.05), indicated that, to some extent, the minimum temperature is the main effecting factor on grass growth in this area. The correlation coefficients between ET 0 and VP-NDVI are negative for Palgon (R = -0.63, p<0.01) and Amdo (R = -0.54, p<0.05), which also showed the benefit of decreasing potential ET to the vegetation growth.
NDVI and anthropogenic driving force
The human activity is an important driving force that affects vegetation condition in the NTP. Table  6 shows that the Sokshan County has the highest population density in the NTP, while the Chali County has the highest rate in population growth. In eastern NTP, livestock grazing is one important sector of the local economy [2] . It is generally believed that grassland degradation is mainly caused by human's improper usage of the land, such as over-grazing. At the end of 2003, the total number of livestock on hand in the NTP was 7.682 million, nearly a two-fold increase over that of 1958 [7] . [54] , whereas the NDVI has decreased in this time period (see Figure 5 ). The correlation coefficient (R) between VP-NDVI and population from 1981 to 2001 for six counties in the NTP was shown in Table  7 . The negative correlation between the VP-NDVI and population ( R = -0.40, p<0.05) implied that human activities have played a role in causing grassland degradation in Sokshan County. Likewise, a negative correlation between the VP-NDVI and population in the Chali County (R = -0.45, p<0.05) indicated the adverse impact of human activity. The two counties (Chali and Sokshan) with significant negative VP-NDVI and population relationships occur in the region, which has high decrease VP-NDVI slope values in Figure 3 . In contrast, weak relationships between VP-NDVI and population were observed in Shantsa, Palgon and Amdo counties, all of which belong to the semi-arid, sub-frigid, and frigid-arid zone in central and eastern-central NTP. The weak relationship pointed out that the climate and environmental condition, rather than human impact, is mainly responsible for the grassland degradation occurred in those areas.
Conclusions
Monitoring and quantifying dynamics and spatial variability of the grassland ecosystems of the world is crucial for understanding and mitigating the grassland degradation caused by natural and anthropogenic forces. The study reported here has revealed the long-term temporal and spatial variations of one unique grassland ecosystem in the Northern Tibetan Plateau (NTP) and the possible driving forces during 1981 to 2001.
A long-term trend of VP-NDVI was analyzed by using linear regression. A moderate to high increase of VP-NDVI from 1981 to 2001 has occurred in the east part of the NTP, which is located at the low altitude zone (Nakchu, Shantsa, and Palgon counties). In contrast, a moderate decrease in VP-NDVI has occurred in the east-central part of the NTP over the same period (Amdo, Sokshan and Chali countis). The increasing population and human activities in Sokshan and Chali counties have resulted in grassland degradation during the latter part of the 20 th century. Areas with slight-decrease or no-change of VP-NDVI were found in the western part of the NTP, which is dominated by alpine grassland and alpine desert grassland (Nima and Shuanghu counties). The weak decline in VP-NDVI in this area is not likely caused by human activities because these two counties have very little human settlement.
A statistical analysis was carried out to study relationship between VP-NDVI and climate variables. Climatically, Nakchu, Shantsa, Palgon and Amdo counties are located in the sub-frigid semi-arid zone. In Nakchu and Amdo counties, T min is found to be a major limiting factor on over-wintered perennial grass; increased T min from 1980s to 2000 has benefited the grassland growth. In Palgon County, precipitation is found responsible for observed VP-NDVI fluctuations from 1981 to 2001. The negative correlations between ET 0 and VP-NDVI obtained for Nakchu, Shantsa, Palgon and Amdo counties indicate that high potential evaporation can negatively impact grassland growth. Overall, increases of ET 0 in the sub-frigid, semi-arid and frigid-arid zone of the NTP, owing to increase in temperature and decrease in humidity, have led to degradation of the grassland and the development of desertification in these area.
Significant shifts in climatic conditions and continued human alteration through land use and other activities will certainly affect natural grassland ecosystems of the world, especially in regions which are very sensitive to climate change (e.g. arid and semiarid and alpine regions) [55] .
Although this study mainly reveals some uneven alterations of the grassland and some significant correlations between the grassland dynamics and degradation and the possible driving forces related to climate and anthropogenic activities in the NTP in an interannual scale. However, the interannual interval can partially describe the complex dynamics of grassland and it's related to the climatic factors in the NTP. The different intervals and the possible physical mechanisms responsible for the feedback of grassland dynamics and degradation in this region need to be further studied.
